The reduction of bisulfite by Desulfovibrio vulgaris was investigated. Crude extracts reduced bisulfite to sulfide without the formation (detection) of any intermediates such as trithionate or thiosulfate. When the particulate fraction was removed from crude extracts by high-speed centrifugation, the soluble supernatant fraction reduced bisulfite sequentially to trithionate, thiosulfate, and sulfide. Addition of particles or purified membranes to the soluble fraction restored the original activity demonstrated by crude extracts, i.e., reduction of bisulfite to sulfide without the formation of trithionate and/or thiosulfate. By using antiserum directed against bisulfite reductase, the reduction of bisulfite by crude extracts was inhibited. This finding, in addition to several recycling studies of thiosulfate reduction, provided evidence that bisulfite reduction by D. vulgaris operated through the pathway involving trithionate and thiosulfate as intermediates. The role of membranes in this process is discussed.
Sulfate-reducing bacteria, belonging to the genera Desulfovibrio and Desulfotomaculum, are unique because they can utilize inorganic sulfate as a terminal electron acceptor and form copious amounts of hydrogen sulfide as an end product. This dissimilatory process is in contrast to the assimilatory reduction of sulfate where small amounts of sulfate are reduced and subsequently assimilated into cellular material. The reductive processes for the reduction of sulfate can be separated into two phases: the reduction of sulfate to (bi)sulfite and the reduction of (bi)sulfite to sulfide.
In the first phase sulfate is activated via ATP sulfurylase (EC 2.7.7.4, ATP:sulfate adenylyltransferase) activity (1, 14, 21, 24) , forming adenylylsulfate, which is subsequently reduced to (bi)sulfite plus AMP by adenylylsulfate reductase (15, 29, 31) . The formation of adenylylsulfate and pyrophosphate, from ATP and sulfate, is a reversible reaction in favor of ATP and sulfate; however, the reaction is driven to the right by the hydrolysis of pyrophosphate by inorganic pyrophosphatase (2, 24, 39, 40) . The second phase of the dissimilatory reduction, involving the reduction of bisulfite to sulfide, has not been clearly established. The main issue has been whether or not bisulfite is directly reduced to sulfide without any detectable intermediates, or whether bisulfite is reduced through a pathway consisting of trithionate and thiosulfate as internediates as predicted by the earlier works of Kobayashi et al. (21) and Suh and Akagi (38) . We recently reported the in vitro reconstitution of a thiosulfate-forming pathway of Desulfovibrio vulgaris which consisted of bisulfite reductase, a thiosulfate-forming enzyme (TF), hydrogenase, and the native electron carriers cytochrome C3 and flavodoxin (8) . This, together with the purification ofthiosulfate reductase (12, 13) , suggests that one pathway for the reduction of bisulfite to sulfide involves the intermediates trithionate and thiosulfate. Although trithionate reductase activity has not been purified to date, it is possible that this enzyme may also be involved in the dissimilatory pathway. Figure 1 illustrates the possible pathways for the dissimilatory reduction of bisulfite to sulfide.
This study was initiated to further probe the route(s) of bisulfite reduction by extracts of D. vulgaris. We present evidence which suggests that trithionate and thiosulfate are intermediates in the in vivo reduction of bisulfite to sulfide and that membranes play a paramount role in this process. (33, 34) . Since no fluorescence was observed with a-BR-treated extracts, we concluded that the precipitation procedure effectively removed all of the bisulfite reductase activity.
MATERLALS AND METHODS
Analytical determinations. Thiosulfate and trithionate were determined according to Kelly et al. (18) as previously described (3) . Sulfide was analyzed by the method of Fogo and Popowski (11) . [3S]sulfide was determined as described previously (27) . Protein was estimated according to Lowry et al. (25) , using bovine serum albumin as a standard.
[3S]bisulfite was volatilized as 'SO2 by the addition of 0.1 ml of 20 N H3PO4 and quantitated as described previously (8) .
The isolation and degradation of [3S]thiosulfate was performed by methods previously described (7, 10 by acid volatilization and trapping the volatile 'SO2 in hyamine hydroxide.
RESULTS
Bisulfite reduction by cell extracts. Table  1 shows the products formed from the substrates bisulfite, thiosulfate, and trithionate by CE and the soluble fraction (USS) of the CE. Both extracts reduced trithionate to thiosulfate plus sulfide and thiosulfate to sulfide. The combination of bisulfite and trithionate was reported to be required for thiosulfate formation (8) by a thiosulfate-forming enzyme (TF). When this combination was tested as substrates for CE and USS, a marked increase in hydrogen consumption and products formation was observed with CE. A significant difference in the products formed from bisulfite by CE and USS was observed ( Table 1 ). The CE reduced bisulfite to sulfide without the formation (detection) of trithionate or thiosulfate. In contrast, the soluble fraction reduced bisulfite primarily to thiosulfate. Since the difference between CE and USS was the lack of particulate material in the latter fraction, membranes were suspected to be involved in the bisulfite-reducing process. When partially purified membranes and USS were incubated with bisulfite, a restoration of CE activity was observed; i.e., sulfide was essentially the sole product.
The effect of time on bisulfite reduction by USS is seen in Fig. 2 . Most apparent is that thiosulfate accumulated in the reaction mixture and subsequently disappeared. Concomitant with decreasing thiosulfate concentration, sulfide formation increased. This suggests that bisulfite was reduced to sulfide through the intermediate, thiosulfate. Whereas trithionate formation was not readily apparent (Fig. 2) , it is possible that bisulfite was reduced to trithionate, which rapidly converted to thiosulfate. We previously reported (8) This exchanged reaction also occurred in reaction mixtures incubated under nitrogen and oxygen but did not occur in nonenzymatic controls or with CE after exposure to a boiling-water bath for 10 mn.
In contrast, when the identical experiments were conducted with USS, 35S was found to be significantly distributed in the sulfur atoms making up the trithionate and thiosulfate molecules (Table 3) . For the thiosulfate molecule the uneven distribution of radioactivity (reaction A) was probably due to the exchange occurring between the sulfonate sulfur atom and bisulfite. (Table 5) . As the reaction time was increased, the rates for the reduction of the sulfane and sulfonate sulfur atoms approached unity. With CE, both the sulfane and sulfonate sulfur atoms were reduced to sulfide at equal rates. This phenomenon was reproducible in the USS system by the addition of membranes.
Effect of a-BR on bisulfite reduction. When CE was treated with a-BR, its ability to reduce bisulfite was inhibited; trithionate and thiosulfate reductions were unaffected. The same pattern was observed when USS was treated with a-BR. Normal serum controls showed no activity against bisulfite reduction by either USS or CE. The requirement for bisulfite reductase activity in these extracts for sulfide formation from bisulfite was demonstrated by the addition of purified bisulfite reductase to a-BR-treated USS and CE (Table 6 ).
Effect of a-BR on "S-labeled thiosulfate.
It was previously noted ( (Table  7) ; i.e., the reduction (recycling) of the sulfonate group was significantly decreased.
Effect of Triton X-100 on the USS-membranes system. The requirement for mem- branes by USS in reducing bisulfite to sulfide was shown earlier. A 3.6% concentration of Triton X-100 in reaction mixtures caused a decrease in the amount of sulfide formed from bisulfite by the USS-membranes system. These results provided additional evidence that membranes are somehow involved in the dissimilatory reduction of bisulfite to sulfide.
Specificity of the membrane effect. The particulate fractions of several other microorganisms were tested for their ability to associate with D. vulgaris USS to reduce bisulfite to sulfide. These were from Desulfotomaculum nigrificans, Desulfotomaculum ruminis, Clostridium pasteurianum, and Bacillus coagulans. All of the membrane fractions were capable of functioning with D. vulgaris USS to form sulfide from bisulfite. The best activity was noted with D. vulgaris membranes, and the least effective were membranes from B. coagulans. (21), Suh and Akagi (38) , and Findley and Akagi (10) suggested that trithionate and thiosulfate were intermediates in the dissimilatory reduction of bisulfite to sulfide. The reductases currently believed to be involved in this process are bisulfite reductase (7, 9, 17, 20, 22, 23), the thiosulfate-forming enzyme TF (8) , and thiosulfate reductase (12, 13, 27) . Work in this laboratory suggests that a trithionate reductase may also be involved (unpublished data). It has also been suggested (5) that trithionate and thiosulfate are not intermediates in bisulfite reduction.
The data reported in this study present evidence that trithionate and thiosulfate are intermediates during bisulfite reduction to sulfide by extracts of D. vulgaris. Membranes were shown to play a fundamental role in the dissimnilatory process. The CE reduced bisulfite to sulfide without the formation of any detectable intermediate compounds. When CE was subjected to high-speed centrifugation, the resulting supernatant fraction (USS) was observed to reduce bisulfite sequentially to trithionate, thiosulfate, and sulfide. When the particulate fraction, containing membranes, was added back to USS, the CE type of bisulfite reduction was restored; i.e., trithionate and thiosulfate were not detected as intermediate.
With partially purified membranes, more evidence for their participation in the dissimilatory process was obtained. When [3S]sulfonate-labeled thiosulfate was incubated with crude extracts of D. vulgaris, the residual thiosulfate gradually became enriched with 36S in the sulfane atom (10) . This introduced the recycling hypothesis for the sulfonate group of thiosulfate during the dissimilatory reduction of bisulfite. The present study showed that a recycling process was apparent only in the absence of membranes. USS reduced the sulfane atom of thiosulfate to sulfide and recycled the sulfonate groups, as free bisulfite, to thiosulfate. In the presence of membranes, extracts reduced both the sulfane and sulfonate sulfur atoms to sulfide at equal rates. This occurred even in the presence of an exogenous pool of unlabeled bisulfite (Table 7) . When membranes are present, the sulfonate group of thiosulfate is not released as free (bi)sulfite. In the previous study (10) , membranes were apparently removed by centrifugation during the preparation of crude extracts.
By using antiserum directed against bisulfite reductase, the requirement for bisulfite reduction through the dissimilatory pathway was demonstrated. Bisulfite reduction (Table 6 ) and the recycling of the sulfonate group of thiosulfate (Table 7) were found to require bisulfite reductase activity. Since bisulfite reductase re-duces bisulfite to trithionate (7, 23) , the first step in dissimilatory bisulfite reduction must be the formation of trithionate.
A general model involving a sequential arrangement of bisulfite reductase (Aase), trithionate reductase or TF (Base), and thiosulfate reductase (Case) on a membrane surface is proposed (Fig. 3) . Having the enzymes arranged sequentially (linear or otherwise) could result in the reduction of bisulfite to sulfide without the "release" of the intermediates trithionate or thiosulfate. The model also explains how both the sulfane and sulfonate sulfur atoms of thiosulfate are apparently reduced to sulfide at equal rates. The sulfonate group is not released as free sulfite but is immediately reduced by a neighboring bisulfite reductase (Aase). The addition of unlabeled intermediates to the "dissimilatory complex" lowered the specific activity of the sulfide formed from [3S]bisulfite (Table 2 ). This suggested that although the intermediates are not released, they can enter the complex ("respiratory tunnel") and retard (or interfere with) the catalysis of the preceding step. Lynen (26) and Kempner (19) postulated that, in a tightly coupled system, intermediates can neither enter nor leave the multienzyme complex. We conclude that our in vitro dissimilatory complex is not analogous to a tightly coupled system, i.e., closed tunnel, although it is possible that within the cell a closed sstem is operating.
Although tween the enzymes and membrane must be relatively weak since they are dissociated in the centrifugal field.
The cell would obviously benefit by having a dissimilatory pathway structurally organized. As discussed by Lynen (26), Srere and Mosback (37) , and Racker (35) , the efficiency of a metabolic pathway depends on the distance between the individual enzymes comprising the pathway. Another advantage for having the pathway membrane associated would be to provide an efficient mechanism for eliminating toxic products from the cell. It is not likely that the cell could maintain itself if large amounts of sulfide accumulated in the cytoplasm. The fonnation of sulfide at the membrane site would allow sulfatereducing bacteria to excrete sulfide rapidly into the surrounding environment.
Peck and co-workers (4, 28, 31 ) demonstrated that sulfate reduction by Desulfovibrio was coupled to anaerobic oxidative phosphorylation. Since electron transport phosphorylation is a membrane-associated phenomenon, coupling with the dissimilatory pathway would most likely occur at the site of phosphorylation, i.e., the membrane.
